Introduction
At the U. S. Department of Energy's Integrated Field Research Challenge (IFRC) site at Rifle, Colorado field research activities are advancing scientific understanding of biogeochemical reduction of soluble Uranium (VI) to insoluble Uranium (IV) (1) . Biostimulation activities at the site include the addition of acetate to create redox conditions in the aquifer suitable for the enzymatic reduction of Fe(III) and U(VI) (2) . During Fe(III) reduction, members of the Geobacteraceae family appear to dominate the aquifer microbial community relative to other phylogenetic groups (1, 3, 4) . As the duration of biostimulation increases, subsurface geochemical conditions shift from an Fe(III)-reducing system to one dominated by microbial sulfate reduction (5) . This transition is associated with a decrease in the rate of U(IV) removed from solution.
In 2007 and 2008, biostimulation field experiments were conducted to quantitatively compare spatially and temporally, the proteomes associated with different phases of Fe(III) and U(VI) reduction to look at the dynamics of the microbial community proteome in relationship to geochemical measurements.
Three biomass samples were collected during the 2007 experiment; two from monitoring well D07 during early and late phases of Fe(III) reduction and an additional sample from well D05 when conditions for acetate and Fe(II) concentrations approximated those of early phase Fe(III) reduction (6) . During the 2008 experiment, three biomass samples were recovered at the start of acetate addition from well D04.
Herein, we report the effects of the biostimulation experiments in terms of microbial community function and structure derived from liquid chromatography-mass spectrometry-based proteomics analyses utilizing isolate genomic data (7) . Initially, in the absence of metagenomic data, community proteomics analysis of the samples collected in 2007 employed only genome sequences from Geobacteraceae to confirm the prominence of this family in the aquifer microbial community, infer shifts in metabolism, and changes in the community structure with increasing biostimulation (6) . To investigate other bacterial species that may play a key role in biogeochemical processes at Rifle, a broader range of genome sequences from Fe(III) and sulfate-reducing bacteria from both the -and -sub-divisions of the Proteobacteria were utilized. These data were used in subsequent analyses to determine the extent to which communities rebound after cessation of biostimulation. We evaluated the contribution of proteins provided by each organism's genome sequence, as well as the relative abundance differences of identified proteins within and between monitoring wells. In addition to providing insight into the dynamics of a microbial community proteome, the resulting proteomics datasets may prove useful for discovering environmental markers to monitor the persistence (post biostimulation) and attenuation of biologically reduced U(IV).
Experimental

Field experiments and sample collection.
The biostimulation experiment in 2008 followed the same protocols as previously published for the earlier field experiment in 2007 (8) . In brief, wells D04, D05
and D07 are part of a well gallery composed of 10 injection wells and 12 down-gradient monitoring wells arranged in three rows. Well D04 is present in the first row of monitoring wells, whereas D05 and D07 are present in the second row (5 meters down gradient from the injection wells). Acetate:bromide (50 mM:5 mM) amended groundwater was injected into the subsurface to provide a target acetate concentration of ~ 5 mM. The analysis of aquifer samples to determine Fe(II) and U(VI) concentrations is described elsewhere (6).
Planktonic biomass for proteomics analysis was harvested from the subsurface during the course of in-situ Fe(III) and U(VI) bioreduction. During the 2007 experiment, two samples were collected from D07, 9-days and 21-days after the start of acetate injection (D07(1) and D07(2), respectively). One sample was collected 15-days after acetate injection from well D05 (Fig. 2) . During the 2008 experiment, biomass samples were recovered from well D04. In this study, we utilized samples collected 5, 7, and 10 days after start of biostimulation (Fig 3A) . Groundwater was prefiltered (20 m) and biomass harvested using a Pelicon tangential flow filtration (0.2 m) system (Millipore, MA, USA) to filter 500 L at a rate of ~2 L min -1 . To preserve biomass, the extracted groundwater was passed through chilling baths that contained an ice-rock salt mixture. kpsi, followed by 10 s at ambient pressure. These conditions were repeated for 10 cycles. Following cell lysis, global, soluble, and insoluble protein fractions were extracted from the cell lysates, using established protocols (7).
Liquid chromatography-tandem mass spectrometry (LC-MS/MS) and reference peptide database
generation. Peptides from the protein digests were fractionated to reduce sample complexity, using high- The SEQUEST algorithm was employed to search MS/MS spectra against theoretical spectra to assign peptide sequences (9) . Theoretical spectra were derived from the genome sequences of 12 bacteria (Table 1) obtained from the Joint Genome Institute's database of Integrated Microbial Genomes (http://www.jgi.doe.gov/). These genome sequences were systematically concatenated by the sequential addition of sequences into 12 pseudo-metagenomes to generate the reference peptide databases shown in Table 1 . The order of sequence addition was based upon decreased relative distance (calculated from aligned 16S rDNA sequences) between Geobacter strain M21 and the remaining 11 organisms. Because
Geobacter strain M21 was isolated from the Rifle site, this organism appears first in the database (P430).
Each database contained full-tryptic peptides of at least six amino acids in length, having 1+, 2+, and 3+ charge states and SEQUEST cross-correlation (Xcorr; an indicator of the statistical match between the observed and theoretically generated MS/MS spectra) scores of  1.9, 2.2, or 3.5, respectively. Each database was further filtered to achieve less than a 10% false discovery rate (FDR) for peptide identifications. To estimate the FDR, a mixture of two multivariate Gaussian distributions, one depicting random identifications and the other depicting true identifications was fitted to SEQUEST scores Xcorr, and Cn (the difference between the Xcorr value of the current candidate sequence and the value of the top candidate sequence). A p-value was calculated for each peptide sequence as the probability that the identification belonged to the random distribution, and from that value, a q-value (the expected FDR) was derived (10, 11) .
Initially, peptides were identified from 25 LC-MS/MS analyses of the 2007 samples using each of the 12 reference databases. This allowed us to evaluate how the addition of an organism's genome sequence affected the number of identified peptides and proteins. Based upon this evaluation, the reference peptide database that provided the most proteome information was expanded to include peptides identified from an additional 132 LC-MS/MS analyses. This expanded reference database was used to assign peptide and protein information to quantitative LC-MS measurements of samples collected in both years. Peptide abundances were calculated by integrating the signal strength under each peak of the LC-MS spectra (13) . These abundances were normalized using central tendency normalization (14) to a common baseline, and then "rolled up" using the Z-score rollup algorithm available in DANTE (15) to a protein abundance estimate. Protein abundances were clustered using a Euclidean distance metric and hierarchical algorithm (average linkage) available in the data analysis software package OmniViz™ (version 6.0). Non-metric multidimensional scaling of rolled-up protein abundances was accomplished using the VEGAN package in R (16).
High resolution, high mass accuracy LC-MS
Results and Discussion
The construction of a database of aggregate sets of genome sequences, or "pseudo-metagenome" provided proteomics data for comparing 2007 and 2008 experiments.
While an optimal strategy for proteomics analysis of the field experiment samples would have been to use metagenomes representative of the monitoring wells to identify peptide sequences, the absence of such information mandated an alternative approach. As a result, we constructed "pseudo-metagenomes" from multiple moderately close and closely related organisms that allowed us to identify peptides. With each genome addition to the pseudo-metagenome, the number of peptides identified from the 25 LC-MS/MS datasets increased, from ~12,300 identified from the Geobacter sp. M21 genome to ~32,900 identified using an extended pseudometagenome of 12 organisms (Fig. S1 of the Supporting Information, database P430 to P450).
Expectedly, a greater degree of peptide ambiguity (peptides shared between organisms) was observed with each additional genome sequence added (Fig. 1A) . The measured abundances of these ambiguous peptides cannot be definitively assigned to a single protein or organism. Much of the observed ambiguity is attributed to using more than one Geobacter sequence. For example, addition of the G. metallireducens sequence approximately doubled the number of ambiguous peptides (Fig. 1A, P434 to P435 ), and addition of the G. bemidjiensis sequence caused the number of ambiguous peptides to exceed the number of unique peptides (Fig. 1B, P438 to P440). At the protein level (Fig. 1C) , the largest percentage of (Fig. 2B) indicates the temporal impact on proteomes, as nearly half of the proteins in common (~750) between D07(1) and D07(2) showed a significant difference between the "early" phase of Fe(III)-reduction (D07(1) and D05) and the "end" phase of Fe(III)-reduction (D07 (2)). Although these few data points are not directly linked to geochemical variables, the temporal effect here correlates best with Fe(II) concentrations (Fig. 2) . Note, measurements for sulfate concentration in wells D07 and D05
are shown in Supporting Information Figure S2 . While correlations suggest that other geochemical variables play a role in the differences between proteome measurements, these data suggest the importance of "bioavailable" Fe(III) availability on the proteome. Additionally, a greater proteome similarity between D07(1) and D05 matches can be linked to similar Fe(II) concentrations at the time of sampling. Note that the significant differences in the abundances of peptides common to all samples also were observed at the protein level (Fig. S3 of the Supporting Information).
Shifts in community structure and function explain differences between 2007 to 2008 experiments.
Microbial community functional and structural changes are intricately linked across all samples.
Therefore, a Z-score significance cutoff-value of 0.5 was selected to identify proteins exhibiting significant abundance changes among samples D07(1), D07(2), and D04(day 5). These proteins were classified according to their general function, and shifts in protein group categories were identified (Fig.   3 ). Additionally, shifts in microbial populations were inferred from percent contributions of proteome information provided by each genome sequence that underwent a significant abundance change between two samples (Table 2) . Changes in protein numbers within each functional cluster between early and late phases of Fe(III) reduction (i.e., D07(1) and D07 (2) desulfuricans. A proportion of these increased proteins is associated with energy production such as ATP synthase subunits and TCA cycle enzymes, which helps to explain the relatively small decrease in the "energy production and conversion" category between the two time points (Fig. 3A) that is likely due to increased energy requirements during growth. However, the large decrease observed within the "translation, ribosomal structure and biogenesis" category over the same time period suggests that while some strains are slowly increasing in abundance, the growth rate for the dominant strains (e.g., Geobacter strain M21) has greatly decreased in D07 (2) . The presence of co-existing unique peptides in orthologous proteins confirms the presence of multiple strains rather than a single organism that has a "composite" protein phenotype (see Fig. S4 of the Supporting Information). desulfuricans further supports this result (Table 2) . Although this transition has been observed during previous biostimulation experiments at the site (1), acetate addition to the subsurface during the 2007 experiment was stopped intentionally before sulfate reduction became the dominant biogeochemical process (Fig. 2) . The detection of proteins responsible for sulfate reduction during this "late" stage of Fe(III) reduction indicates that we have captured the beginning of the transition period.
Low-level sulfate reduction at the Rifle site is typically hard to detect using traditional aqueous geochemical measurements alone, because of abiotic reactions between the products of Fe(III)-and sulfate reduction that result in the formation of FeS precipitates. These precipitates preclude in-field chemical assay detection of low concentrations of aqueous S 2- . The ability of the proteomics methods used in this study to detect proteins involved in sulfate-reduction suggests that these techniques are useful for assessing low-level sulfate reduction in these environments, particularly when combined with geochemical indicators sensitive to the onset of dissimilatory sulfate reduction, such as the isotopic fraction of groundwater sulfate and increases in δ 34 S(SO 4 2− ) (19) .
More detailed comparisons between D04(day 5), i.e., a 2008 sample taken at the beginning of acetate amendment and the 2007 samples from well D07 were used to examine any potential legacy effects that may exist within the microbial populations at the beginning of the 2008 acetate amendment.
Relative to D07(1), decreases in Geobacter strain M21 proteins are coupled to increases in the abundances of the seven other species in D04(day 5) ( Table 2 ). Three TCA cycle proteins from G. lovleyi, (2)) ( Fig. 2A) . However, D04(day 5) still contains a greater number of up-regulated proteins from Geobacter strain M21 relative to D07(2), with significant decreases in proteins matching R. ferrireducens and G. lovleyi (Table 2) . These abundance shifts indicate that at the start of the 2008 experiment, fast-growing strain M21-type Geobacter species are rapidly enriched upon acetate addition in a similar manner to that seen at the beginning of the 2007 experiment (Table 2 ). These strains have been shown to predominate in a range of environments and thus it is not surprising that they quickly dominate the microbial community, despite the increased diversity inferred from the proteomic data (20) . The rapid growth of these strains following the addition of acetate to the aquifer at the beginning of the 2008 experiment is reflected in changes in up-regulated protein categories.
Relative to both D07 samples, there were increased abundances of proteins within the "translation, ribosomal structure and biogenesis" category in D04(day 5), suggestive of a higher growth rate during the initial stages of the 2008 experiment ( Fig. 3B and C) . Approximately 55-65 % of these proteins (mainly ribosomal proteins and tRNA synthases) were associated with Geobacter strain M21, which further suggests that this was the dominant strain accounting for the majority of the growth. A similar pattern is observed in the "energy production" category; of the proteins up-regulated in D04(day 5) relative to D07(2), almost 60% can be assigned to Geobacter strain M21. While the presence of upregulated nitrogen fixation proteins within this category demonstrates the importance of this process in supporting high growth rates under relatively nutrient poor conditions, the increased abundance of proteins associated with dissimilatory sulfate reduction in D04(day 5) relative to D07 (2) suggests that the activity of sulfate-reducing bacteria is rapidly induced following the addition of acetate during the second year of biostimulation.
Differences within the microbial community structure at the beginning of the 2007 and 2008 experiments
suggest that the effects of acetate addition may persist over a larger time scale than was previously thought. While acetate amendment is occurring, clear microbial community shifts correlate with the availability of acetate (3, 6) . These data suggest that once amendment has stopped, residual carbon concentrations and/or biomass breakdown products may continue to act as a stimulant for low-level microbial growth, which may explain the more diverse community structure detected at the start of the 2008 experiment. This "legacy" effect has implications for bioremediation projects intending to stimulate microbial activity. For both in situ field experiments and modeling tools employed to predict biogeochemical processes, the effects of these shifts on the ability to achieve desired outcomes (e.g. This study demonstrated the strength of proteomics techniques for analyzing microbial populations in biostimulated environments. By systematically constructing a reference database encompassing a range of microorganisms expected to predominate under stimulated conditions, shifts in both microbial physiology and community structure can be inferred. Using this approach, we identified multiple strain variants within biomass samples and illustrated clear differences that occur between microbial communities, both on a spatial and temporal scale. These results have important implications for carrying out multiple biostimulation experiments within the same flow-cell, and can complement geochemical analyses to provide a greater understanding of the processes occurring in the subsurface at Rifle during biostimulation. 
